the BM (within a given range) compared with the diffractionlimited system.
We optimized the phase mask using the ZEMAX optical software, combined with Matlab. The wavefront distribution, W , of the phase can be expressed as W .x; y/ D A.x 4 C y 4 / C B.x 2 y 2 /, where A and B represent the phase variance along the x and y axes and in the x-y coupling direction, respectively. Figure 2 shows the pseudorandom pattern used as our input image, the on-axis PSF at a focal distance of 100cm, and the simulated output image. The latter is a convolution of the pseudorandom pattern and the on-axis PSF. Figure 3 shows simulated BM variations for distances from 20 to 150cm for both diffraction-limited and phase-coded systems. The adopted focal distance is 100cm for the diffraction-limited system (a slight defocus is observed when adding the phase mask). The solid and dashed lines denote the diffraction-limited and phase-coded systems, respectively. In the diffraction-limited case, the BM's local minimum is located at 90cm. The rising trend with distance from the local minimum in both directions will cause ambiguity problems for depth estimation. The BM of the phase-coded system decreases continuously, so a usable distance range corresponds to a BM exhibiting a monotonic variation. To enhance the depth-estimation precision, we captured images at distances between 20 and 120cm in steps of 5cm and calculated the BM in both the horizontal and vertical directions. We subsequently averaged the BMs in both directions. Finally, we found the best fit to the BM-distance curve by employing a sixth-order polynomial approximation and used the best-fitting curve for distance calibration (see Figure 4) . Our experiment was designed to evaluate distances at which sample images are located. We chose 16 distances randomly that were also different from those used for calibration, without knowing the actual distances but relying only on the best-fitting equation. Based on Figure 5 , the worst precision occurred at distances of 99 and 113cm ( 5.56% mismatch), while the average precision was approximately 2.15%.
Continued on next page
In summary, we have presented an optical-design method based on an axially symmetric phase mask that provides a monotonically varying BM for depth estimation and also increases the PSF similarity across the entire field of view. Using experiments and simulations, we demonstrated an appropriate BM for distance evaluation within a given range. The average precision of the resulting depth estimation was approximately 2.15%. Future study will focus on finding more appropriate phase masks, which would both maintain BM monotonic variations and increase the BM's first derivative within a given range, which is required to achieve higher precision. 

